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Name of Propusion Concept: LAPPS*Laser Accelerated Plasma Propusion System”
This system is expeded to evolve out of current research onthe use of “ultrafast”
lasers in accderating charged particlesto relativistic energies.

Current research at the University of Michigan and elsewhere in the world has s1own
that lasers with 10s— 100s of joules of energy and several hunded femtoseconds
(1fs= 10" sec) pulse length can produce proton beams containing more than 10° —
10" particles at mean direded energies of 10 — 70MeV.

Reseach has shown that rep rates of 10 — 1000Hz are dso feasible and that means
LAPPSis cgpable of producing sizable thrusts.

Based onsome present-day experimental data, a LAPPSpropusion system can
produce severa milli on seconds of specific impulse & tens of milli newtons of thrust.
It will require, however, anuclear reacor system producing abou aMWeto driveit.
Such a system is almost achievable with present-day techndogy. It can make a
robaic fly-by misgon, for example, to Pluto in 67years, to Jupiter in 22years, anda
similar oneto Marsin abou 8 yeas.

Advancementsin ultrafast laser techndogy and space nuclear power in the next
decale to so shoud, however, alow for the development of aLAPPSpropusion
system that would all ow human exploration d the solar system to be undertaken in
aaceptably short times. If, for example, the thrust of present-day LAPPScan be
increased by just two arders of magnitude, the Jupiter missonwill be reduced to just
afew months, and the Mars misson to abou threeweeks.



I ntr oduction

A propusion system that can open upthe solar system and beyond could evolve
from some arrent reseach dealing with laser accderated plasmas. Recently conducted
experiments at the University of Michigan and elsewhere have dramaticdly shown that
ultrashort pulse (ultrafast) lasers can accelerate dharged particles to relativistic speeds.
For example, a picosecndlaser pulse with only one joule of energy can accelerate an
eledronto MeV energy in the short space of afew microns. This takes place through the
laser-generated high gradient potential that manifestsitself in an eledric field of a
gigavolt per cm, which in turn accderates the dectron to a megavolt energy over a
distance of 10 microns. As shown in Fig. 1, current achievable laser peek power of about
10"° Watts has been uili zed in the study of relativistic nonlinea optics™, andit is
expeded that laser power values will be reached that will accéerate protonsto energies
equal to their rest massenergy. Fig. 2 shows the progressmade in this areawhere it can
be seen that proton energies approaching 100MeV are within striking distance. Infad, a
beam of protons containing more than 10° protons was recently'? accderated by an
eledric field of 10 GeV/cm correspondng to alaser power of abou 100TW. Many of
these adievements have been the result of developing interest in ion aaceleration by
compad, high intensity subpecosecondlasers with paential applications to the initiation
of nuclear readions on atabletop.

Because of the unique properties of these laser acelerated plasmas, it shoud
come & no surprise that we propose their utili zation in spacepropusion. If protons at
rest massenergies can be gected from such a system they will emerge & 0.866speed of
light and generate aspecific impulse of 26 million seconds. If also areasonable number
of them, say 10*>-10%’ can be accderated by this method at a repetition rate of 10-10°
(also deemed feasible by current thinking) then such a system will possessthe propusive
cgpabili ty that will make distant planets in the solar system reachable in 100s of days
and some interstell ar missons achievablein 10s of years. Not to be overlooked in this
regard is the relative simplicity of such a system sincethe particles will be accderated in
the diredion d the laser beam obviating the need for guiding systems such as magnetic
nozzes often cited in connedion with fusion-driven propusion cevices.

Physics of L aser Acceleration

In spite of the dsence of a self-consistent theory of high-energy eledronandion
generation in the laser-solid target interadions we can present a heuristic, plausible
explanation that all ows us to oltain quelitative estimates. We mnsider the interadion o
ahigh-contrast laser pulse with an intensity that exceels 10 W/cm? at normal incidence
to atarget in which high-energy eledrons with velocities nea the speeal of light are
produced. We stipulate that when such a high-intensity, high-contrast laser terminates at
the target surface it produces a plasmawith a size of about half the laser wavelength®
dueto the longitudinal electron cscill ations resulting from the oscill ating Lorentz force.
Nea the target-vacuum surface the dectrons are pushed in and ou by the oscill ating
comporent of the ponderomotive force. Inside the target this force sharply vanishes.
Twicein alaser period eledrons re-enter the target. Returning eledrons are accelerated
by the “vacuum” eledric field and then deposit their energy inside the target. The



eledrons of this plasma ae strongly heated by the laser light, penetrate deeper inside the
solid target with relativistic velociti es, and constitute alow density, high-energy
comporent of the etire dedron popuiation. These high-energy eledrons create an
eledrostatic field, which accderatesionsin the forward diredion, and in turn they
themselves are decelerated by the same field. An electrostatic field nea the target
surface has abipdar structure with the more pronounced comporent accderating ionsin
aforward drection. If the laser pulse durationislonger than the ion accderationtimein
the layer theions acquire an energy equal to the dedrostatic energy.

The“LAPPS’ Propulsion Concept

We noted ealier that abeamn of one MeV protons containing more than 10°
particles has been successully accderated by a100TW laser beam with a one micron
wavelength impinging on an aluminum foil of about one micron thickness?. The laser
focd spot had aradius of 5 um, and the accelerating eledric field was foundto be eou
10 Gev/iecm. We note from Fig. 2 that proton energies neaing 70 MeV had been achieved
with lasers of intensity near 10" wien?2 @. It is clear that in order to produce propusive
cgpabiliti es commensurate with interplanetary and aher potential manned space missons
from this heme, proton beams containing 10" particles at abou 100MeV energy
would be highly desirable. At arep rate of one kil ohertz (which also appeasto be dose
at hand) this propusion devicewill produce &out 0.2*10° Newtons of thrust and a
spedfic impulse of about 13*10° seconds. Such a system, ill ustrated in Fig. 3, will
consist of an ultrafast laser that can be fired 10 times per secndat an appropriate solid
target such as aluminum foil s that are fed into areaction chamber at the same rate. 1t will
be driven by a nuclear reactor whose thermal power is converted to electric power by a
conversion scheme such as a Brayton Cycle & ill ustrated.

Interplanetary Missons With L APPS

To get a sense of how near-term LAPPSmight be, we turn to some recently
generated experimental results® and assesstheir merit as afouncktion for a propusion
system by examining its performance in afew missons within the solar system. These
experiments were performed with a one petawatt (10" laser system of 500fs pulse
duration giving rise to 500J of energy which we assume gpeaed in abeam of protons
containing 10* particles at an average direded energy of 33MeV. If we further assume
that this system can be operated at a kil ohertz (deemed feasible by current thinking) rep
rate, then a high efficiency laser (e.g., 50%) will require one MW of electric power to
driveit. If we asume anegligible payload, then the drymassof the vehicle will be
primarily that the of power supply which in this case can be estimated® at 5mT. With
these properties, this propusion system will produce athrust of about 1.5x 10% Newtons
and a spedfic impulse of about 8 x 10° secnds. When applied to robatic fly-by
misdons” from the Earth to Pluto, Jupiter, and Mars, we find that these journeys will
take 67 years, 22 years, and 8yearsrespedively. We dso nde that if the thrust of the
system can be increased to a modest few Newtons, then the duration d these missons
will be reduced to months and weeks insteal of years.
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Figure 2. Scaling of Maximum Proton Energy with Laser Intensity A=1um



W N>

Particle
Beam

Figure 3. Laser-Accderated Plasma Propusion System (LAPPS
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